We found that the sex-ratio of an amphigenic strain of Sciara ocellaris varied widely from progenies with few males to progenies containing a larger proportion of males, with single-sex progenies being rare. The sex-ratio distributions were dependent on the temperature at which the stocks of flies were raised, with the sex-ratio distributions being symmetrical (i.e. about 50% males) at 18°C and 20°C while at the higher temperatures of 24°C and 28°C the distributions were skewed toward a high proportion of females with the mean proportion of males decreasing to about 30-37% per progeny. Temperature-shift experiments showed that high temperatures were effective only during the last stages of female pupal development plus a period after adult emergence, stages corresponding to oocyte maturation. When imagine females were exposed to temperatures as low as 12°C the sex-ratio distributions of their progeny were skewed toward a high proportion of males per progeny. No differential fecundity was involved in these progeny sex-ratio modifications. Egg-to-adult survival was lower at 18°C and 28°C but no correlations with skewing in the sex ratio distributions were observed, indicating that modifications in progeny sex-ratio did not involve the differential survival of a particular sex.
Introduction
It is well demonstrated that a large number of sex determination mechanisms exist among insects (White, 1973; Bull, 1983; Nothiger and Steinmann-Zwicky, 1985) . In most of the species studied the signal which initiates the pathway of sex differentiation resides in the chromosomes, and hence the karyotype of the zygote established at fertilization determines the sex of the individual and also fixes the progeny sex-ratio that normally deviates only slightly from 1:1 (Bull, 1983; Crow, 1994) . The initial chromosome setting, and hence the genetic constitution of the zygote, activates a cascade of genes whose function it is to determine the sex of the insect. The genes involved in this hierarchical set of sex determining genes and their functioning have been determined in Drosophila (see reviews by Sanchez et al., 1994 Sanchez et al., , 1998 but differences do exist in other insects (see Müller-Holtkamp, 1995; Sievert et al., 1997; Meise et al., 1998; Saccone et al., 1998) , among which are the sciarids (fungus gnat flies) Sciara ocellaris (Ruiz et al., 2003) , Sciara coprophila, Rhynchosciara americana and Trichosia pubescens (Serna et al., 2004) . In these species, the Sex-lethal gene does not show differential expression in males and females.
On the other hand, there are insect species in which the sex is not fixed at fertilization but is determined by the parental female by the production of oocytes containing factors that dictate the pathway for the ensuing activity of the cascade of sex determination genes. Maternal sexual predetermination does not cause sexual abnormalities in the insect and normal males or females are always produced but it does generally act on the progeny sex-ratio, by fixing the proportion of oocytes of one type or the other produced by any given female, as in Chrysomya rufifacies (Ullerich, 1975 (Ullerich, , 1984 , coccids (scale insects and mealybugs; Brown and Chandra, 1977) and sciarids (Metz, 1938) . Although the sexual development of each insect is rigidly controlled by the cascade of sex determination genes, the predetermination mechanisms seems to be subject to less rigid genetic control mechanism (Brown and De Lotto, 1957) . Indeed, examples of alterations in progeny sex-ratio are common in coccid species in which sex predetermination mechanisms are prevalent. In these insects it has been demonstrated that a variety of biotic and abiotic agents like aging of the parental females, temperature, humidity and presence of symbionts seem to interfere with predetermination, leading to progenies with altered sexratios (Brown and Chandra, 1977) .
Two modes of sex-ratio determination are found in the Sciaridae, with females producing single-sex progeny (either males or females) in monogenic species while in digenic or amphigenic species females produce progenies with variable proportions of males and females. The monogenic Sciara coprophila and the digenic Sciara ocellaris are the two most studied species and may be taken as paradigms of these two systems. In both species, the sex of the progeny is conditioned by the parental females, that produce oocytes predetermined to develop as males or as females (reviewed by Metz, 1938; Gerbi, 1986; Perondini, 1998; Sánchez and Perondini, 1999) . Sciara females mate only once, mature all their eggs simultaneously and deposit their eggs within 2-3 days and then die (Perondini, 1998) , the number of eggs (200 to 250 per female) being determined at an early larval stage and no further oocytes are produced at the pupal or adult stages (Berry, 1941) .
In sciarid flies although the nature of the factor (or factors) involved in the maternal predetermination of sex are still unknown the mechanism must function by the regulation of the differential elimination of paternally-derived X chromosomes at the beginning of embryonic development and, hence, the generation of specific male or female karyotypes (see Metz, 1938; Crouse, 1960; Gerbi, 1986; Perondini, 1998; Sánchez and Perondini, 1999) . The zygotes of sciarid flies start their development with the normal double complement of each autosome but have three X chromosomes, two of which are of paternal origin (Metz, 1938) . During the syncytial blastoderm stage one or two paternally-derived X chromosomes are eliminated to establish the female (XX:2A) or male (XO:2A) karyotype (DuBois, 1933; Perondini et a!., 1986) . The proportion of embryos eliminating either one or two X-chromosomes determines the progeny sex-ratio. Once the specific karyotypes are established, activation of the individual sex determination mechanism seems to be accomplished by the X:A ratio, as in Drosophila (Crouse, 1960; Perondini, 1998) .
As in other insect species presenting maternal sexratio predetermination, the sex of the Sciara embryos may be altered by experimental perturbations imposed on the parental females during oocyte maturation, or on the eggs before X-chromosome elimination (reviewed by Perondini, 1998; Sanchez and Perondini, 1999) . In the present paper we show that temperature treatments applied to females during stages of oocyte maturation cause a preponderance of one sex or the other in their progenies, without differential survival being involved in the sex-ratio modifications.
Material and Methods

Fly strain
We used an amphigenic strain of Sciara ocellaris that has been maintained in the laboratory since 1965 (Pavan and Perondini, 1967 ) and which has a progeny sex-ratio varying from a few males to a preponderance of males (Mori et al., 1979) . In our investigation the number of flies produced by each female also varied widely, from progenies with only a few flies (progenies with less than 30 flies were not used) to progenies with 185 flies.
Constant temperature experiments
The effect of exposure to different constant temperatures on the sex-ratio (experiment I) was studied by sampling individual pairs of matings from laboratory populations raised for several generations at 18°C (80), 20°C (148), 24°C (100) or 28°C (62), the numbers in parentheses indicating the number of females treated. The adult progeny from each individual cross was recovered, counted and the sex-ratio expressed as the percent of males. For each series of experiments the data for each parent female were grouped into sex-ratio classes of either single-sex all-female (0% male class) or all-male (0% female class) or mixed-sex progenies, the mixed-sex progenies being further grouped into five classes at 20% intervals (1 to 19% ,.., 80 to 99% males). An experiment in which flies were maintained at 12°C was started but then discontinued because of the exceedingly long development time, estimated at more than a year from egg to adult, and the high mortality rate. However, this low temperature was employed in the temperature-shift experiments described below.
Temperature-shift experiments
In the next series of experiments, temperature-shifts were used to determine the developmental stage during which temperature affects the sex-ratio. The temperatureshift experiments were initiated by establishing a stock of flies kept at 20°C for three generations, flies from this stock also being used as controls.
For the temperature treatment of fertilized eggs (embryos) females from the 20°C stock were decapitated to induce egg deposition within 10 to 15 min (Carson, 1946, Perondini and Ribeiro, 1997) and the eggs immediately transferred to the desired temperatures. For these treatments, batches of 80 to 105 eggs produced by individual females were transferred to low (12°C; 51 batches) or high (24-28°C, 52 batches) temperatures, the latter being chosen because they gave similar results in the continuous treatment experiments described above. The embryos were transferred to the experimental temperatures at the polar body elimination stage, which occurred shortly after oviposition, and returned to the control temperature of 20°C before the syncytial blastoderm stage at which elimination of X-chromosomes occurs (Perondini et al, 1986) , and left until the adult flies emerged, when the sex-ratio was recorded.
For the temperature treatment of females (experiments II to VII), pupae(selected based on morphology) or newly emerged imagoes were collected from the 20°C stock and shifted to the experimental temperature for the desired length of times, after which they were transferred back to 20°C to complete development. The emerging females were crossed to control stock (20°C) males and the sex ratio of the offspring (maintained at 20°C) was recorded. Two series of experiments were carried out, in one the pupae or the flies were shifted to a higher temperature (24-28°C, experiments II to V), while in the other experiment they were shifted to a lower temperature (12°C experiments VI and VII). For the treatment of females at the pupal or adult stages, the protocol of the temperature-shift experiments is shown in Figure 1 and the number of females treated is given in Table 1 , this table also listing the different types of experiments.
Fecundity, progeny survival rate and statistical analysis
For a given number of crosses either from the constant as well as for the temperature-shift experiments we also estimated the fecundity measured as the number of eggs deposited and the progeny egg-to-adult survival rate calculated as the percentage of adult progeny that emerged from a given number of eggs (Table 1) . We normalized the fecundity using a √(n+3/8) transformation and the survival rate data using an arcsine transformation. The results were analyzed using one-way analysis of variance (ANOVA) and the chi squared (χ 2 ) or Student-Newman-Keuls test (Zar, 1999) . Sex-ratio distributions were compared by homogeneity testing using maximum likelihood statistics (Agresti, 1990) or the Kolmogorov-Smirnov test (Zar, 1999) , considering the null hypothesis that the observed distributions were equal. To test possible relationships between sex-ratio and survival rates, linear regressions were calculated between the two variables.
Results and Discussion
Constant temperature experiments
The distributions of the progeny sex-ratio observed for female flies raised at different constant temperatures (experiment I) are shown in Figure 2 , while female fecundity and egg-to-adult survival are shown in Table 1 . 154 Temperature and sex ratio in Sciara At all temperatures the sex-ratio (mean ± standard deviation (SD)) was extremely variable, from progenies with very few males to those with a high proportion of males, although single-sex progenies were rare in this amphigenic strain. However, the bell-shaped sex-ratio distributions indicate temperature specific tendencies, with the sex-ratio distributions, calculated as the percentage of males (M%), of the progenies being symmetrical (non-significant at p = 0.118) at 18°C (M% = 50.2 ± 24.6) and 20°C (M% = 53.4 ± 22.7) while at the higher temperatures of 24°C (M% = 30.1 ± 18.8) and 28°C (37.7 ± 25.2) the distributions were asymmetric (non-significant at p = 0.082) and skewed towards a lower percentage of males. Homogeneity test using the maximum likelihood ratio showed that the differences between the symmetric and asymmetric distributions were highly significant (p < 0.001). Table 1 shows the fecundity data of the females and the egg-to-adult survival rate of the offspring from samples of crosses maintained at continuous temperatures of 18°, 20°, 24°or 28°C. Statistical analysis revealed that there were no significant differences in the fecundity of females from stocks maintained at the different temperatures (ANOVA, F = 2.09 for 3, 219 degrees of freedom (df); p = 0.1024). However, statistical differences were observed when survival rates were considered (ANOVA, F = 11.53; df = 3, 219; p < 0.0001). The Student-Newmann-Keuls test indicated that there were no significant differences in the survival rates at 18°C as compared to 28°C, but survival rates were significantly lower than the rates observed at 20°C and 24°C, which did not differ from each other. To evaluate whether or not differential survival of males and females was involved in the sex-ratio modifications at the different temperatures we regressed the survival rate of each progeny against the sex-ratio for the corresponding progeny but found no differential survival in favor of males or females since the regression coefficients did not differ significantly from zero (18°C: b = -0.142, 0.05 < p < 0.10; 20°C: b = 0.074, 0.20 < p < 0.50; 24°C: b = 0.026, p > 0.50; 28°C: b = 0.107, 0.20 < p < 0.50).
Our results show that the temperature at which the Sciara ocellaris females are raised has a great influence on the sex-ratio of their progenies. At intermediate temperatures the sex-ratio distributions were symmetrical, with around 50% males and no significant sex differences in the survival rate were observed. However, at the extreme experimental temperatures alterations in the sex-ratio were observed, together with a decrease in survival rates. The fact that survival rate was lower at the extreme temperatures of 18°C and 28°C than at 20°to 24°Cis in line with what is known about metabolic alterations in insects induced by abiotic stress such as temperature. Developmental processes are at optimal levels when organisms are subjected to environmental conditions that promote minimum energy dissipation (Zotin, 1990) . In Drosophila, Arking et al. (1988) found that under laboratory conditions the metabolic efficiency of females in producing an average egg is higher at 22°C to 25°C than at 18°C or 28°C. Our data indicates that the fecundity of Sciara females was not affected by the whole range of temperatures tested, suggesting that physiological processes within the ovaries, and not egg production per se, was affected by the extreme temperatures and lead to the production of eggs with differential survival capacities regardless of the sex. Since we found no correlation between survival ratesand sex-ratio we concluded that differential survival between sexes is not involved in the sex-ratio modifications caused by any of the temperature treatments.
Temperature-shift experiments
At both low and high temperatures the sex-ratio distributions among the adult flies which developed from the treated embryos resulted in symmetric bell-shaped curves (M% = 53.1 ± 22.5 at 12°C and 49.3 ± 23.2 at 24-28°C).
For the treatment of females at the pupal or adult stages, the protocol of the temperature-shift experiments is shown in Figure 1 and the number of females which were treated is given in the`number of crosses' column in Table  1 . The progeny sex-ratio distributions of females shifted to a high temperature during the pupal stage (experiment II; M% = 49.9 ± 22.8) or only at the adult stage (experiment V; M% = 51.3 ± 25.9) were symmetric but when females were shifted to high temperatures during the pupal plus an initial period of the adult stage (experiment III; M% = 33.8 ± 18.8) or during the pupal plus the entire adult stage (experiment IV; M% = 41.1 ± 26.1) the sex-ratio distributions were asymmetric and skewed to a lower percentage of males per progeny ( Figure 3A) . Nigro et al. 155 As in the continuous temperature experiments both symmetric and asymmetric sex-ratio distributions were found in the temperature-shift treatments. Symmetric distributions found in continuous (18°C; 20°C) and in the temperature-shift experiments (experiments II and V), were compared (regardless of experiment or temperature) but produced a non-significant heterogeneity chi-squared value (χ 2 = 16.05 for 28 df at p = 0.96). Similar nonsignificant differences were observed when the asymmetric distributions of the continuous temperature (24°C and 28°C) and temperature-shift experiments (experiments III and IV) were compared (χ 2 = 22.17 for 28 df at p = 0.06) but since the significance level of the asymmetric distributions was borderline these distributions were further compared by the Kolmogorov-Smirnov test which confirmed that these results were not significant. However, the differences between the symmetric and asymmetric distributions (regardless of experiment or temperature) were highly significant (χ 2 = 102.2 for 44 df at p < 0.001).
In the last series of experiments, pupa or adults were shifted to a low temperature (12°C) according to the protocol of experiments VI and VII ( Figure 1, Table 1 ). For females treated at the pupal stage (experiment VI) the sex-ratio distribution of their progenies was symmetric (M% = 47.1 ± 26.1) and did not differ significantly (p > 0.10) from the 20°C curve ( Figure 3B ). However, when females were treated after emergence (experiment VII) the sex-ratio distribution was asymmetric and skewed towards males which showed an increased mean percentage of males per progeny (M% = 65.6 ± 16.5) as compared to the 20°C control (significant at p < 0.041). The differences between the distributions of experiment VI and VII were highly significant (p < 0.001). Table 1 shows the data on the fecundity of females and the survival rates of their progenies in the temperature-shift experiments. Statistical analysis revealed that there were no significant differences in fecundity between either the high or low temperature treatments and the control temperature of 20°C (ANOVA, F = 3.823 for 4, 274 df at p = 0.10). Similarly, no statistical differences compared with the controls were found among the survival rates observed in the high-temperature experiments (ANOVA, F = 1.961 for 4, 274 df at p = 0.1007). On the contrary, the survival rates in the low-temperature experiments were both significantly different from those carried out at the control temperature (ANOVA, F = 21.91 for 2, 172 df at p < 0.001). However, regression analysis between the survival rates and the sex-ratio of the progenies resulted in non-significant coefficients (experiment VI, b = 0.063 for p > 0.50; experiment VII, b = 0.151 for 0.20 < p < 0.50), indicating that the skewed sex-ratios observed were not caused by differential survival of one particular sex.
The temperature-shift experiments showed that even when treatments given during a short period of the female life cycle were sufficient to cause a modification in the sex-ratio of their offspring , but only if the period at which the females were exposed included the last stages of oogenesis from middle pupa to a short period following the emergence of the adult female. In general, our data shows that when parental females were shifted to warmer temperatures there was an increase in the frequency of females in their progenies whereas when the parental females were shifted to colder temperature their progenies contained a larger proportion of males. At both high and low temperatures there was a deviation from the expected sex-ratio of 1:1 while at intermediate temperatures the sex-ratio was about 1:1, although the sex-ratio of individual progenies continued to be highly variable.
For the shift to high temperatures, the progeny sexratio alterations occurred only when the parental pupa plus the newly emerged parental adult female were temperature-shifted, because when only the parental pupa or the parental adult females were shifted to a high temperature there was no modification in the progeny sex-ratio. How-
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Temperature and sex ratio in Sciara Figure 1 . Skewed sex-ratio distributions were only observed in experiments III and IV. (B) Frequency distributions of progeny sex-ratios of females shifted to 12°C. A skewed distribution was observed only in experiment VII. In (B) the sex-ratio distribution at the control temperature of 20°C is also shown and is valid for all the experiments. The number of treated females is given in Table 1. ever, for the shift to low temperatures treatment of the parental pupa alone did not alter the progeny sex-ratio but alterations were observed when the treatment was applied to parental adult females after emergence.
Concluding Remarks
It seems that temperature stress may be more important during the initial hours of the adult stage, possibly because this is when crucial processes occur in the polytrophic meroistic ovary of Sciara leading to oocyte maturation. One such processes is the massive transfer of the single nurse cell cytoplasm of each follicle to its partner oocyte, which starts soon after emergence and takes several hours to complete (Gutzeit, 1985) . It may be assumed that extreme temperatures would interfere with the rate of transfer but it is not known how this could result in modifications in the oocyte putative factor(s) assumed to control differential X chromosome elimination (DuBois, 1933 , Metz, 1938 , Crouse, 1960 , Gerbi, 1986 , Perondini, 1998 , Sánchez and Perondini, 1999 .
In a model for the control of X-chromosome elimination, Sánchez and Perondini (1999) proposed that such a factor (or factors) may act quantitatively, as suggested by Metz (1938) . Hence, it may be that alterations in the amount of such a factor, or factors, could be caused by modifications in environmental temperature. Indeed, in line with this hypothesis, our results indicate that the temperature treatment of embryos before the X-chromosome elimination stage did not induce modifications in the progeny sex-ratio, suggesting that thermal conditions affect the production an/or distribution of such putative factors during oogenesis but have no effect on the functioning of these factors during early embryogenesis. The nature of these factors as well as their mode of action remains to be elucidated, but some indirect evidence (Perondini, 1998; Sán-chez and Perondini, 1999) suggests that they may have cytoplasmic nucleic acids (RNA) in their moiety and may either act directly on the chromosome or by its translated protein.
The effect of environmental temperature on progeny sex-ratio in S. ocellaris seems to be different from that which has been described in other insects in which the sex-ratio is also modified by thermal conditions. In hymenopterans, skewing of sex-ratios induced by temperature is due to sterilization of males, promoting an oviposition that exceeds the liberation of sperm, or by differential mortality between sexes (King, 1987) . In coccids, temperature also causes skewed sex-ratios, but always seems to involve a differential mortality between the sexes (James, 1937 , Brown and Bennett, 1957 , Nelson-Rees, 1960 , Brown and Chandra, 1977 . Monogenic and amphigenic species of sciarid flies seem to respond differently to thermal conditions as far as progeny sex-ratio is concerned. In the amphigenic S. ocellaris, the sex-ratio is clearly affected by environmental temperature, as shown in the present report. On the contrary, for the monogenic Sciara coprophila, Smith-Stocking (1936) observed that the only effect of low temperature was a delay in the rate of development.
These results seem to give support to the suggestion that in monogenic species such as S. coprophila the predetermination mechanism exerts more rigid genetic control, making each female able to produce only one kind of egg, either predetermined to develop into either a male or a female fly. However, in amphigenic species such as S. ocellaris predetermination seems to be the result of a more labile control mechanism, such that alterations of physiological processes within the ovaries are sufficient to induce modifications in the proportion of oocytes determined to be males or females (Sánchez and Perondini, 1999) .
It should also be recalled that our experiments reported in this paper were conducted with a strain that has been maintained for many years in the laboratory and is thus expected to be genetically homogeneous due to high levels of inbreeding. Hence, the sex-ratio modifications observed may be assumed not to be the response of different genotypes to different environmental temperatures. It has been argued (Brown and DeLotto, 1957 ) that systems exhibiting predetermination could be adaptive under certain conditions, permitting rapid changes in sex-ratios without deleterious consequences to the individuals. The response of the amphigenic Sciara ocellaris to thermal conditions reported here seems to be in line with this hypothesis. However, since no data are available on natural populations of Sciara ocellaris, the adaptive nature of this characteristic remains to be evaluated.
